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STEADY-STATE CREEP OF DISPERSION- 
STRENGTHENED METALS 

B. A. Wilcox and A. H. Clauer 

ABSTRACT 

b The high- temperature c reep  behavior of "recrystallized" Ni- Tho2 alloys has been 
studied using vacuum constant- s t r e s s  creep conditions. Five alloys, containing different 
volume fract ions of Tho2 and different Tho2 particle-size ranges were c reep  tested at 
various s t r e s s e s  (nominally 2,000- 15,000 ps i )  and temperatures  (nominally 600- 1050°C). 

I 
, T  

Emphasis has been placed on rationalizing the mechanical behavior in t e r m s  of the 
s t ructural  changes occurring during creep deformation. 
studies indicated that the rate-controlling c reep  process  was the climb of edge disloca- 
tions over T h o 2  particles. 
been developed. 
and the T h o 2  particle s ize  and spacing. 

Mechanical and s t ructural  

A modified version of the Ansell-Weertman climb theory has 
The theory relates  the steady- state creep ra te  to s t r e s s ,  temperature,  



LIST OF SYMBOLS 

2 = steady-state creep rate  
S 

cx = fractional volume of deformable matrix 

= t rue s t r e s s  (applied) 

Ge = effective s t r e s s  

Ui = internal s t r e s s  

b = Burgers  vector 

D = coefficient of self-diffusion in the matr ix  = Do exp - (Qs. d. /RT) 

k = Boltzmann's constant 

R = gas constant 

T = absolute temperature 

Tm = absolute melting temperature 

f = volume fraction of dispersed phase 

2 r v  = average particle diameter ( f o r  spherical par t ic les)  

2 r s  = average planar particle diameter 

d = mean planar center- to- center particle spacing 

X = mean f r ee  path between particles 

p = shear  modulus 

n = the number of dislocations piled up against par t ic les  

m = s t r e s s  exponent 

B, p,  C, K, K' ,  K" ,po ,  Do = constants 

Qc = apparent activation energy f o r  creep 

= activation energy f o r  self-diffusion in matr ix  Qs.d. 

,OT = total  dislocation density 

L = the  total length of a se t  of random lines drawn on a micrograph 

N' = number of intersections which dislocations make with the se t  of grid lines 



t = thickness of thin foils 

M = plate or print magnification 

T = Orowan bowing s t r e s s  
P 

@ = averaging factor for  the screw-edge character  of a bowed-out dislocation loop 

N = number of points per  unit volume where climb of dislocations over particles 
can occur 

A = a r e a  swept out per  climb event 

R = climb ra te  

= density of mobile edge dislocations Pem 

Z = distance between effective pinning points along a dislocation 
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STEADY-STATE CREEP OF DISPERSION- 
STRENGTHENED METALS 

B. A. Wilcox and A. H. Clauer 

SUMMARY 

The following Ni-Th02 alloys, prepared by Sherri t t  Gordon Mines, Ltd. , were 
c reep  tested at temperatures grea te r  than 0. 5 T,. 

Average Tho2 Mean Planar  Center-to- 
Alloy Particle Diameter 2rv,  Center Par t ic le  Spacing d, A 

(A) Ni  t 1.00 vol 70 Tho2 220 2505 

(B) N i  t 2. 56 vol 7'0 Tho2  219 1760 

(C)  N i  t 1.00 vol '7'0 Tho2 428 5290 

(D) N i  t 2.66 vol '7'0 Tho2  5 26 3670 

( E )  N i  t 4.41 vol 70 Tho2 549 2990 

I t  was found for each alloy that the steady-state c reep  rate, is ,  could be expressed 
empirically by 

where C is a constant for  a given alloy, T is absolute temperature ,  and 0 is the applied 
s t r e s s .  
64 kcal/mole,  which agrees  closely with the activation energy f o r  self-diffusion in nickel 
(Qs.d, N i  = 61-67 kcal/mole). 

The s t r e s s  exponent m was -7 and the activation energy for  creep,  Qc, was 

A modified version of the Ansell- Weertman dislocation climb theory was developed 
The theory predicts that the c reep  rate  of and applied to the experimental c reep  results. 

these alloys i s  related to the particle size and spacing by 

i S a d3 / rv  h , 

where X is  the mean f r ee  path. 
stant s t r e s s ,  temperature ,  and initial microstructure showed that this relation was 
obeyed. 

Comparison of the c reep  ra tes  of several  alloys at con- 

INTRODUCTION 

The many theories proposed to explain the influence of dispersed second-phase 
par t ic les  on the yield strength and flow s t r e s s  of metals  have been reviewed by Kelly and 
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Nicholson(')'''and Ansell(2). Until recently, only a few a t t e r n p t ~ ( ~ - ~ )  had been made to 
develop mechanistic treatments that character ize  the creep behavior of dispersion- 
strengthened metals,  and to  date these have not been fully evaluated experimentally. 
W e e r t m a r ~ ( ~ )  and Ansell and Weertman(4) proposed a quantitative c reep  theory for  coarse- 
grained dispersion- strengthened metals ,  based on the concept that  the rate- controlling 
process  for  steady- state c reep  was the climb of dislocations over second-phase parti-  
c les ,  as suggested by Schoeck(6). 
is, was proportional to the applied s t r e s s ,  0 ,  for  low s t r e s ses  and that cs  a o4 fo r  high 
s t resses .  Anse11(2) has extended the low-stress model to  include the case  where pile- 
ups a r e  present  and this aids the climb of the lead dislocation over a particle,  
variation of the climb model gives cs  The activation energy for c reep ,  Qc, was 
equivalent to  that for self-diffusion, Qs.d. , in the matrix,  Some limited experimental  
evidence in  support of this theory was obtained on a recrystall ized Al-A1203 SAP-type 
alloy by Ansell and Lenel. (7 )  

The theory predicted that the steady-state c reep  rate ,  

This 
2 0 . 

Ansell and W e e r t m a ~ ~ ( ~ )  a lso developed a semiquantitative theory f o r  high- 
temperature  creep of fine-grained dispersion- strengthened metals  in order  to  explain 
their  resul ts  on an extruded SAP-type alloy, which had a fine-grained fibrous s t ructure .  
They suggested that the rate  of dislocation generation f rom grain boundaries was the 
rate-controlling process  and fitted their  resul ts  to the equation 

where Qc was found to be 150 kcal/mole,  i. e . ,  Q c z  4 Qs.d, in aluminum. 
cently Wilcox and Clauer(8) examined the steady-state c reep  of TD Nickel ba r  ( N i  t 2 
vol % ThO2) over the temperature range 325- 1100°C and the s t r e s s  range 15,000- 
36,000 psi. 

is, was related to s t r e s s  and temperature  by a n  empir ical  equation of the fo rm 

More re- 

At  high temperatures  (above 0. 5 Tm) it was found that grain-boundary slid- 
ing was the most  important mode of c reep  deformation, and the steady-state c reep  ra te ,  * 

where Qc = 190 kcal/mole and m had an unusually high value of 40. 
based on c ross  slip of dislocations around Tho2  par t ic les  satisfactorily explained the 
low-temperature (T < 0. 5 Tm) creep  behavior of TD Nickel, and the following relation 
was applicable: 

A c reep  mechanism 

Q ( 0 )  
S = B e x p - ( + )  . (3 )  

Qc(0) was found to decrease f r o m  57 to 46 kcal/mole as the stress was increased f r o m  
32,000 to 36,000 psi. 

The theoretical and empir ical  relations that have been used to  descr ibe the c reep  
behavior of dispersion- strengthened meta ls  a r e  summar ized  in Table 1. 

Although there is no general  agreement regarding the mechanisms involved in the . 
c reep  of dispersion- strengthened metals ,  it has  become a a ren t  that  second-phase par- 
t icles can affect  the c reep  strength of metals  in  two ways (% : 

*References are given on page 35. 
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(1)  

(2)  

By particles acting as b a r r i e r s  to  moving dislocations during c reep  

By the influence that particles have on the development of the 
s t ructure  during fabrication (e. g. , grain size,  substructure),  and 
the subsequent effect  of the s t ructure  on dislocation mobility during 
creep. 

Thus the distinction that Anse11(2) has made between "direct  dislocation-particle inter- 
actionstt  and "indirect dislocation-particle effects" with regard to  yield strength, applies 
to c reep  strength as well. 
c r eep  behavior of TD Nickel [an example of Case (2)]  with that of severa l  recrystall ized 
Ni- T h o Z  alloys'' [example of Case ( l)]  ( "1. 

The authors have recently compared the high temperature  

At the start of this investigation, it was felt that the lack of general  agreement  con- 
cerning c reep  mechanisms was due in  pa r t  to the absence of detailed studies relating the 
s t ructures  of crept specimens to the mechanical behavior. 
thoriated nickel alloys was undertaken with the aim of studying the s t ructural  changes that 
occur during creep of dispersion- strengthened metals and of rationalizing the observed 
mechanical behavior in  terms of the c reep  s t ructures .  

Thus the present  work on 

EXPERIMENTAL METHODS 

Creep  testing was done in a vacuum of l o e 5  t o r r  under constant ( tensile) stress 
conditions using a lever a rm similar to that described by Fullman, et  al. ( 1 1 )  The speci- 

clamping with split se r ra ted  gr ips  made f rom TD Nickel bar .  Creep  extension was mea- 
sured with a sensitivity of 50- 100  microinches by two sliding molybdenum extensometers 
scr ibed with fiducial marks ,  one on each side of the specimen gage length. 

m e n  design is shown in Figure 1 ,  and gripping was accomplished by both pin-loading and B 

. I I  

diam hole each end 
locate an 

FIGURE 1. DESIGN FOR 20-MIL SHEET CREEP SPECIMENS 
*The recrystallized Ni-ThOz alloys discussed in Reference (10) a= Alloys A, B, and c, which are described in this report. 
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The jet indentation technique was used for  preparing thin foils of as-received and 
crep t  specimens for t ransmission electron microscopy. 
solution of 20 percent perchloric acid- 8 0  percent ethyl alcohol, and electron microscopic 
examination was accomplished with a Siemens Elmiskop IA. 
metallographic replication techniques used in  this work have been described 
el s ewhe r e( 899 1. 

Final thinning was done i n  a 

The fractographic and 

MATERIALS 

In order  to study the effects of ThoZ particle s ize  and volume fraction on the 
elevated-temperature c reep  behavior of Ni- Tho2 alloys, five compositions in  the form 
of 20-mil sheet were obtained from Sherrit t  Gordon Mines Ltd., F o r t  Saskatchewan, 
Alberta,  Canada ( see  Table 2). Chemical analyses of all five alloys showed there was 

I very little variation of t race  elements from one material to another (Table 3). 

Material Fabrication 

Since it was desired that the materials have recrystall ized s t ructures ,  Sherr i t t  

The method was intended to produce alloys having similar 
Gordon employed a fabrication technique different f rom that used to produce their  opti- 
mum DS Nickel sheet.(12) 
grain s izes  and substructures,  with a minimum of mechanical anisotropy in  the final 
sheets. The fabrication of these experimental alloys may be summarized as follows: 

(4) 

Isostatic compacts were prepared using 30,000 psi  compacting 
pressure.  
4 x 0. 20 inch. 

The compacts w e r e  s intered at 1200°C for  2 hours in pure,  
d ry  hydrogen. 

The sintered compacts were preheated in  hydrogen to  1090°C 
and directly hot rolled. The hot reduction was 30 percent,  and 
the hot-rolling direction was perpendicular to  the major  axis of 
the compact. 
after the second hot reduction, all compacts were 0. 090 inch 
thick. 

The hot-rolled pieces were annealed at 1200°C for  1 / 2  hour and 
then given a 10 percent  thickness reduction in  the same direction 
as the hot-rolling reduction. After cold rolling, the pieces were 
annealed (1200°C fo r  1 / 2  hour) and given a second cold-rolling 
reduction (10 percent) at right angles t o  the direction of first 
cold reduction. This cold roll - anneal cycle was repeated until 
the s t r ip s  were 0. 020 inch thick, i. e. , the rolling direction was 
rotated 90" for  each cycle. 

The compacts were t r immed to  measure  1- 1 / 2  x 

This hot- rolling procedure was repeated and, 

This technique, employing cross -  rolling, resulted in mater ia ls  that had relatively little 
mechanical anisotropy, i. e. , the tensile strength at 870°C did not vary greatly for  speci- 
mens  that were machined with their  axes paral le l  to  both directions of the sheet ( s ee  

~~ ~ Table 2). 
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TABLE 2. EXPERIMENTAL Ni-Th02 ALLOYS 

Ultimate 
Mean Planar Tensile 

Nominal Range Average Planar 
Analyzed Calculated of Particle Average Particleo Particle DiaFeteda)  Center Particle 810 C, 

Alloy wt %Th02  vol % T h o 2  Diameters, A Diameter, 2rv, A 2rs8 A Spacing d, A psi( b) 

Center-to- Strength at  

2505 16,400; 16,300 A 1.12 1.00 75-695 220 180 

23,800;20,800 B 2.88 2.56 75-835 2 19 119 1160 

16,400; 15,900 C 1.12 1.00 150-1390 42 8 3 50 5290 

D 3.00 2.66 150 - 1500 52 6 429 3610 18,700; 11,800 

441 2990 18,900; 16,000 E 4.97 4.41 150 - 1500 549 

(a) The planar particle diameter is given by 2rs = 2 r v m  
(b) Tests were performed by Sherritt Gordon, in both directions of the sheets, 

TABU 3. CHEMICAL ANALYSIS OF EXPERIMENTAL ALLOYS 
FOR TRACE  ELEMENT^^) 

Weight Percent 
Element Alloy A Alloy B Alloy C Alloy D Alloy E 

P <O. 003 0.006 0.003 0.006 0.003 
S 0.002 0.011 0.009 <o. 002 <o. 002 
Si 0.003 0.005 0.005 0.003 0.003 
Fe 0.02 0.03 0.03 0.02 0.02 
Mg <O.  003 <O.  003 <O. 003 <O. 003 <O. 003 
Mn <O. 003 <O. 004 <O. 004 <O. 003 <O. 003 
c o  0.04 0.03 0.03 0.04 0.04 
cu 0.002 0.002 0.002 0.002 0.002 
T i  <O.  003 <O. 003 <O. 003 <O. 003 < O .  003 
A1 0.003 0.003 0.002 0.003 0.003 
Cr 0.001 0.005 0.006 0.002 0.003 
A g  <o. 001 <0.001 <o. 001 <o. 001  <o. 001 
Ca 0.007 0.005 0.005 0.015 0.007 
Pb <O. 003 <O. 003 <O. 003 <O. 003 <O. 003 

(a)P and S were determined by wet  chemical analysis. and al l  other elements by 
spectroscopy. 
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Particle-Size Measurements 

The particle- s ize  distributions were determined by measuring -700- 900 par t ic les  
per  alloy f rom transmission electron micrographs using a Zeiss Par t ic le  Size Analy- 
zer .  ( l 3 ) *  The Tho2 s ize  distribution for each alloy is plotted in Figure 2, and the aver- 
age particle s izes  a r e  given in Table 2, together with the mean planar center-to-center 
particle spacing, d. 
the relation(8): 

The spacing was calculated f rom the data in Figure 2 by applying 

where f i  = volume fraction of particles of a given s ize  having an  average particle radius,  
r V i  

Structures of the UncreDt (As-Received) Alloys 

Since this investigation emphasizes the s t ructural  aspects of c reep  (i. e. , rational- 
ization of the mechanical behavior i n  te rms  of the observed creep  s t ructures) ,  a careful 
examination of the s t ructures  of the uncrept alloys was made using both optical micro- 
scopy and t ransmission electron microscopy. 

Optical micrographs of the five al loys,  both paral le l  and perpendicular t o  the plane 
of the sheet,  a r e  shown in Figures  3-7. 
partially recrystall ized, with a high density of fine annealing twins. 
preparation of these mater ia ls  is quite difficult, it is not possible to accurately measure  
the fraction recrystall ized. 
lar ly  those t ransverse  to  the plane of the sheet)  allowed the following comparisons to be 
made. 

The microstructures  show that each alloy is 
Since metallographic 

However careful examination of microstructures  (particu- 

(a) Alloys A and C, which contain 1 vol 70 Tho2,  have "recrystall ized" 
s t ruc tures  which are nearly identical 

Alloys B and E a r e  considerably l e s s  recrystall ized, but their  as- 
received s t ructures  a r e  comparable 

Alloy D has  a partially recrystall ized s t ructure  intermediate be- 
tween those of Alloys A and C, and B and E. 

(b)  

( c )  

This distinction in as-received structure is important, since a comparison of the effects 
of par t ic le  s ize  and spacing on creep  rate is valid only if  the initial s t ruc tures  a r e  
comparable. 

Representative t ransmission electron micrographs (Figures  8- 12) show the dis- 
location s t ruc tures  and the Tho2 particle- s ize  ranges and distributions. 
the par t ic les  a r e  uniformly dispersed with ve ry  little tendency for  agglomeration. 
though Alloys B and E a r e  considerably less  recrystall ized than Alloys A and C, the 
*For the present alloys it was felt that transmission microscopy provided the most feasible means of obtaining accurate particle- 

In all mater ia ls ,  
Even 

size measurements. In the Appendix a comparison is made between transmission and replica microscopy techniques for particle- 
size measurements on Alloy B. 
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1 oox 29 134 

a. Surface 

1 oox 28437 

b. Transverse,  N i c k e l  Plated 

FIGURE 3. MICROSTRUCTURE OF ALLOY A ( N i  + 1 . 0 0  VOL 70 ThoZ,  
AVERAGE 2rv = 220 A, d = 2505 A )  
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1 oox 29138 

a. Surface 

1 oox 28439 

b. Transverse ,  N i c k e l  Plated 

FIGURE 4. MICROSTRUCTURE OF ALLOY Bo(Ni  t 2. 56 V O L  70 Th02,  
AVERAGE 2r, = 219 A ,  d = 1760 A)  
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1 oox 29 135 
a. Surface 

1 oox 28435 
b. Transverse ,  Nickel Plated 

FIGURE 5. MICROSTRUCTURE O F  ALLOY C ( N i  t 1 .00  VOL ‘$0 ThoZ,  
AVERAGE 2rv  = 428 A, d = 5290 A )  
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1 oox 29 140 

a. Surface 

. .  . 
, -  - 

%* > * -  I .  

1 oox 28442 
b. Transverse, Nickel Plated 

F I G U R E  6. M I C R O S T R U C T U R E  O F  A L L O Y  D ( N i  t 2 . 6 6  V O L  70 Th02,  
A V E R A G E  2r, = 526 A ,  d = 3670 A)  
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1 oox 29 142 

a. Surface 

1 oox 28444 
b. Transverse,  Nickel Plated 

FIGURE 7. MICROSTRUCTURE O F  ALLOY E ( N i  t 4.41 VOL To Tho2,  
AVERAGE 2 r v  = 549 A ,  d = 2990 A) 
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- - -  
cc a * 

- *  

M035 
a. 

MOO8 
b. 

F I G U R E  8. TRANSMISSION ELECTRON MICROGRAPHS OF AS-RESEIVED ALLOY A 
( N i  t 1 VOL 70 T h o Z ,  AVERAGE 2 r v  = 2 2 0  A ,  d = 2505 A )  

14 



L222 
a. 

L239 
b. 

FIGURE 9. TRANSMISSION ELECTRON MICROGRAPHS O F  AS-RECEIdVED ALLOY B 
( N i  + 2. 56 VOL 70 Tho2, AVERAGE 2r, = 219 A,  d = 1760 A) 
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LO89 
a. 

5 i 

'i 

LO05 
b. 

FIGURE 10. TRANSMISSION ELECTRON MICROGRAPHS OF AS RECEIVED ALLOY c 
( N i  t 1. 00 VOL 70 Tho2 ,  AVERAGE 2 r v  = 428 A ,  d = 5290 A )  
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N116 
a. 

t- 
b. 

N141 

F I G U R E  11.  TRANSMISSION E L E C T R O N  MICROGRAPHS O F  A S - R E C E I V E D  A L L O Y  D 
( N i  t 2 . 6 6  VOL 70 ThoZ,  AVERAGE 2r, = 526 A,  d = 3670 A)  

1 7  



N 1 4 6  
a. 

N144  
b. 

F I G U R E  12. TRANSMISSION E L E C T R O N  M I C R O G R A P H S  OF AS-REC$IVED 
A L L O Y  E ( N i  t 4 . 4 1  V O L  70 Tho2,  A V E R A G E  2r, = 549 A,  
d = 2990 A )  
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dislocation substructure of all the alloys is very similar.  Several  of the s t ruc tura l  
I features  which a r e  common to each alloy a re  

A dislocation substructure,  composed of fine networks, is very 
predominant in nearly a l l  foil areas. 
by climb recovery during the annealing cycles used in  fabrica- 
tion. 
actions that give rise to these network configurations. 

The annealing twins have a s imilar  network structure.  
shows an example of this. 

Individual dislocations within the subgrains are strongly pinned by 
Tho2 par t ic les ,  i. e. , very rarely did dislocations move within a 
thin foil. 

This probably occurred 

Amelinckx(14) has reviewed the types of dislocation inter- 

Figure I l a  

RESULTS 

Creep Studies 

Results f rom creep  tes t s  indicate that the s t r e s s  dependence and temperature de- 
pendence of the steady- state c reep  ra te  are  considerably different f rom those previously 
observed on TD Nickel(8), 
alloys, a r e  shown in Figure 13, and the creep data a r e  l isted in Table 4. 
temperature  on the steady state creep rate is i l lustrated in Figure 14, where for each of 
the alloys log (gs T)  is plotted a s  a function of reciprocal  absolute temperature. 
lel  lines were drawn which best  fit the data for  each of the alloys, and the calculated 
activation energy for  creep,  Q 
ported values for  Qsd in nickelti51 (61-67 kcal/mole) and agrees  with the activation 
energy for  c reep  of pure polycrystalline nickel( 16) (65 kcal/mole). 

Typical creep curves,  which a r e  representative of all five 
The effect  of 

Paral- 

was 64 kcal/mole. This value i s  within the range of re -  

The s t r e s s  dependence of Q s  can be reasonably represented by a power law, 
This is demonstrated in Figure 15 where the 6 ,  a 

temperature-compensat ed creep rate is plotted a s  a function of log U. 

be some precedence f o r  a s t r e s s  exponent of -7 obtained f rom high temperature c reep  
tes t s  of dispersion strengthened alloys. 
6. 2-7.9 fo r  N i  + 3 wt 70 A1203 and N i  + 5 wt % A120 crept  over the temperature range 
650- 800" C. Also the c reep  data of Ansell and Leneft7) on a recrystall ized SAP-type 
alloy tes ted at  600 and 620°C (i. e . ,  these were their  lower s t r e s s  tes ts)  can be t reated 
to produce a s t r e s s  exponent of -7 to  8. 

where m has a value of -7. 
There appears to 

Takahashi, e t  al. , ( 17) determined m values of 

The c reep  resul ts  of these alloys, therefore,  can be represented by an equation of 
the form:  

where C i s  a constant f o r  a given alloy, and the experimental values of m and Qc a r e  
-7 and 64 kcal/mole respectively. 
pendent over  the ranges of s t r e s s  investigated. 

The data in Figure 15 indicate that Qc is s t r e s s  inde- 
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TABLE 4. STEADY-STATE CREEP RATE AS A FUNCTION OF 
TEMPERATURE AND APPLIED STRESS 

- 1  A l loy  0, psi T ,  "C is, sec" Al loy  0, psi T ,  "C is, sec 

A 
A 
A 
A 
A 
A 
A 
A 

B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

7 ,000  
6 ,000  
5 ,000  
4 ,000  
4 ,000  
4 ,000  
4 ,000  
2 ,000  

700 2. 17 x 
725 2. 17 x 
775 2.20 10-7 
875  7 .12  10-7 

825 2 .33  10-7 
800 1 . 0 0  10-7 

850 3. 38 x 

950 1.97 x 

D 
D 
D 
D 
D 
D 
D 
D 
D 

17,000 9 00 (a) 
15,000 900 (a) 
15,000 850 1. 1 8  x 
12 ,000  825 1 . 2 1  x 
12 ,000  800 4. 72 x 10-9 
12 ,000  785 5 .66  x 
12 ,000  760 2. 56 x 
12,000 720 4. 02 x 10- l '  

6 , 0 0 0  950 2 .61  x 10-9 
4 ,000  1050 8. 30 x 1 0 - l o  

7 ,000  1000 ( b )  

E 
E 
E 
E 
E 
E 
E 
E 
E 

8 ,000  800 1 .39  10-7 

5 ,000  850 9.49 10-9 

6 ,000  850 6 .21  x 
5 ,500  850 3.68 x 

4 , 0 0 0  950 8. 57 x 
4 , 0 0 0  925  4. 85 x 
4 , 0 0 0  900  3. 14 x 10-8  
4 ,000  850 6. 50 x 10-9 
3 , 0 0 0  950  3 . 9 8  x 

9 , 0 0 0  750 3 .97  x 10-l '  

8 , 0 0 0  925  1 .01  x 
8 , 0 0 0  900  4. 32 x 
8 , 0 0 0  875 2. 18  x 

8 ,000  9 50 (a) 

8 , 0 0 0  850 1.30 10-9 
7 ,000  1000 (a) 
6 , 0 0 0  850 3. 1 8  x 10-l '  
4 , 0 0 0  1000 4. 32 x 10- l '  

C 12 ,000  750 (a) 
C 12,000 700 3 .00  1 0 - 7 ( ~ )  
C 8 ,000  700 3. 59 x 10'8(c) 
C 8 ,000  650 8. 6 5  x lO-9(d) 
C 8 ,000  600  1. 73 x 10-9(d)  

C 6 ,000  675 6. 10 x 
C 4 , 0 0 0  800 2 .42  x 
C 4 ,000  770 6 . 4 7  x l o e 8  
C 4 , 0 0 0  750 5. 20 x l o m 8  
C 4 , 0 0 0  725 2 .47  x 
C 4 , 0 0 0  715 1 .63  x 

C 2 ,000  900 2 . 2 4 ~  

C 6 ,000  725 (b)  

C 3 , 0 0 0  900 3 .95  10-7 

(a) Failed on loading. 
(b) Specimen undercut causing local deformation where shoulder radius meets gage length. Thus true gage length is 

unknown and eS could not be determined. 
(c)  Rupture life less than 5 hours - possibly no true steady-state creep region. Data do not f i t  plot in Figure 15. 
(d) Lowest t a t  temperatures for this alloy. Data do not fit curve  in Figure 15. May possibly be associated with low- 

temperature creep inechanisin. 
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Stress , IO00 psi 

IO" 

Y 109 

a" 

io4 
3.2 3.3 3.4 3.5 3.6 3.7 3.0 3.9 4 -0 4.1 4.2 

log u , C =  psi 

FIGURE 15. STRESS DEPENDENCE OF THE TEMPERATURE-COMPENSATED 
CREEP RATE 
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The dislocation substructure generated during high-temperature c reep  is shown in 
The foils for electron microscopy were taken -5 mm f rom the frac-  

The s t ructures  in  Figures  16 and 17 show the 

Figures  16 and 17. 
ture  and thus were in the uniformly deformed section of the gage lengths. 
s t ra in  in these a reas  was -1-1. 2 percent. 
same dislocation networks as were noted in uncrept specimens, although qualitatively 
they appear to  be slightly more  extensive in crept  specimens. The chief difference in 
the c rep t  s t ructure  is the higher density of jogged dislocations within the subgrains ( see  
especially Figure 17b). Occasionally, a r e a s  of heavy tangling of the jogged dislocations 
a r e  noted ( s e e  A in  Figure 16b). 

The c reep  

Stress  Dependence of the Dislocation Density 
Generated During CreeD 

Previous investigators have reported that the total dislocation density, p ~ ,  gener- 
ated during high-temperature c reep  of iron(18) and Fe-3% Si(19) is approximately pro- 
portional to 0'. 4, where 0 is the applied s t r e s s .  
of the steady-state c reep  rate may be associated with the effect  of s t r e s s  on dislocation 
density. 
in the Ni-Th02 alloys, p~ measurements were made on one alloy (Alloy D) crept  at 850°C 
and four  s t r e s ses  (4,000, 5,000, 5,500, and 6,000 psi). The specimens were crept  
into the steady-state region and cooled under load. 
was -1. 2 percent. 

Thus a portion of the s t r e s s  dependence 

In an effort to  determine if  there  were an effect of s t r e s s  on dislocation density 

The total c reep  s t ra in  in each case  

Thin foils were prepared f rom the c rep t  specimens,  and typical s t ructures  a r e  
shown in Figure 18. 
count technique described by Ham(20). 

Dislocation density measurements  were made using the lineal 
This method gives pT  as: 

- 2N' M 
p T - F  ' 

where L i s  the total length of a se t  of random lines drawn on a micrograph, N' is the 
number of intersections which dislocations make with the se t  of grid l ines,  t is  the foil  
thickness, and M i s  the plate or  print  magnification. 
counts, measurements were made on only those dislocations not in subgrain boundaries. 
This a rb i t r a ry  selection was invoked because the sub-boundaries were a l so  present  in 
uncrept specimens,  and it was impossible to quantitatively determine any changes in 
density within the boundaries as a resul t  of creep. 

When making the dislocation 

This variation of p~ with applied c reep  s t r e s s  i s  shown in Figure 19. Each data 
point ref lects  the average of 15-20 micrographs,  with -10 counts pe r  micrograph. 
noted that there  i s  considerable sca t te r  in  the data;  however, the s t r e s s  dependence of 
p~ i s  shown to be approximately pT a O B  where /3 = 1. 8. These resul ts  a r e  in accor- 
dance with previous c reep  studies on FeCl8) and Fe-3% Si(19),  where p was found to be 
1.4. 

It is 

F rac tu re  Studies 

Micrographs in Figure 20 show the typical f r ac tu re  appearance of the Ni-ThO2 
alloys. The fracture  is ductile, and numerous internal  cavities a r e  noted both near  the 
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Alloy D 

10.0 

9.9 

9.8 

9.7 

9.6 

b 
Q 
tl, 9.5 

9.4 

0 - 

9.3 

9.2 

9. I 

9.0 
7 
c 

FIGURE 19. STRESS DEPENDENCE OF THE DISLOCATION DENSITY IN SPECIMENS 
O F  ALLOY D CREPT A T  850°C ( s e e  text f o r  definition of PT). IN UN- 
CREPT SPECIMENS THE DISLOCATION DENSITY WITHIN THE SUB- 
GRAINS WAS - 1 O9cm- 2 
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ro nge - Applied stress Average PT 
cm-* cmw2 

Q, psi PT - 
4000 3.54 x io9 3.10-4.07 x 10’ 
5000 4 . 6 7 ~  IO9 3.90-5.25 x IO9 

5500 5.78 x IO9 5.07-6. IO x IO9 
6000 I 6.83 x IO9 5.74-8.13 x !Og 

- 

5 3.6 3.7 3.8 

log c 



1 oox 

FIGURE 20. MICROGRAPHS SHOWING TYPICAL FRACTURE APPEARANCE, 

FACE IS NICKEL PLATED, AND STRESS AXIS IS VERTICAL 
ALLOY A, TESTED AT 825°C AND 4 , 0 0 0  PSI, FRACTURE SUR- 

4000X E1391D 

6A043 

FIGURE 21. REPLICA FRACTOCRAPH O F  ALLOY A, CREPT TO FAILURE AT 
825°C AND 4 , 0 0 0  PSI 
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f r ac tu re  and along the entire specimen gage length. The f rac ture  appearance i s  typical 
of those commonly observed in high-temperature c reep  f rac tures  of polycrystalline 
metals(21). The cavities a r e  nucleated on grain boundaries ( s e e  a r rows  in Figure 20b), 
and void enlargement probably occurs, at leas t  in part ,  by plastic tearing(22). The 
f rac ture  surface (Figure 21) has  a scalloped appearance, with T h o Z  particles occasion- 
ally exposed. 

DISCUSSION 

In the following discussion a dislocation climb model s imi la r  to that of Ansell and 
W e e r t m a x ~ ( ~ )  is developed and applied to  the c reep  results on the experimental Ni-Th02 
alloys. Although the physical picture adopted i s  similar to that described by Ansell and 
Weertman, the derivation differs f rom the i rs  in that a different s t r e s s  dependence of i s  
i s  predicted, 
locations is s t r e s s  dependent. 
ated with the internal s t r e s s ,  oi, due to the precreep  substructure, 
lation including s t r e s s  should be expressed a s  the effective s t r e s s ,  D e ,  r a ther  than the 
applied s t r e s s ,  0, (i. e . ,  De = u - oi). 

This a r i s e s  f romthe  consideration that the density of mobile edge dis- 
In addition, par t  of the s t r e s s  dependence of c s  i s  associ- 

That i s ,  any formu- 

The Climb Model 

As mentioned in  the Introduction, the formal i sm of a climb model depends on the 
level of s t r e s s .  A low-stress model i s  applicable when treating the present results since 
the applied s t r e s ses  were insufficient to cause dislocations to bow to the minimum radius 
and pinch off by the Orowan mechanism. 
shear s t r e s s e s  a r e  noted t o  be l e s s  than the Orowan bowing s t r e s s ,  T ~ ,  calculated f rom 
the relation given b y  Kelly and Nicholson(l): 

This i s  shown in Table 5 where the applied 

Here,  @ 2 1. 25 i s  an averaging factor for the screw-edge charac te r  of the bowed-out 
loop, and d and 2 r s  a r e  defined in Table 2. 
compensated for  temperature a s  described in Reference 8. 

The shea r  modulus of the mat r ix ,  p, was 

Since the activation energy for  c reep  is equal to that f o r  self-diffusion in nickel and 
a l so  appears to be s t r e s s  independent over the range of s t r e s s e s  applied to the alloys it 
i s  probable that the movement of jogged sc rew dislocations i s  not the rate-controlling 
mechanism he re ,  In fact, it i s  likely that in this tempera ture  range the sc rew disloca- 
tions easily bypass the particles by c ros s - s l ip  and a r e  relatively unrestricted in their  
motion compared to the edge dislocations. 
of the edge dislocations being held up at particles(4),  with the rate-controlling process  
being climb over the particles. This i s  shown in F igure  22 where a sequence of climb 
events i s  schematically illustrated. Enhanced local climb can resu l t  f r o m  the close 
proximity of the pinned segment to the par t ic Ie /mat r ix  interface which may ac t  a s  a 
potent source o r  sink of vacancies. There  is some evidence f r o m  electron micrographs 
on c rep t  specimens that dislocation-particle configurations resembling those in Figure 2 2  
a r e  developed during creep. 

Therefore ,  the physical model adopted i s  one 

F o r  example, in F igures  16 and 17, a r rows  indicate 
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dislocations which possibly contain climb jogs, and the particles that they may have 
climbed over. 

TABLE 5. COMPARISON O F  THE OROWAN STRESS AND THE APPLIED 
STRESS FOR THE FIVE EXPERIMENTAL ALLOYS 

Alloy Tp, Psi 7 Applied(a), psi  

A 

B 

C 

D 

E 

11,400 

15,700 

6,100 

8,600 

10,600 

3,500 

7,500 

3,000 

4,000 

4,500 

(a) This is the maximum applied creep stress for each alloy (see Figure 15) and is calculated as one-half the 
applied tensile stress. The effective shear stress acting on a bowed loop will be less than r applied be- 
cause of the internal stress, ri. 

The steady state c reep  ra te ,  is, is given by, 

is = NAbR , ( 8 )  

where N = number of points pe r  unit volume at which climb of edge dislocations over 
par t ic les  can occur, A = a r e a  swept out by a dislocation after climbing over a par t ic le ,  
b = Burgers  vector, and R = ra te  at which the par t ic les  a r e  surmounted, i. e . ,  the climb 
rate. 

The quantity N is a function of both the density of mobile edge dislocations within 
the subgrains, pem, and the spacing, T, between the effective pinning points. 

F o r  low s t r e s ses ,  such as those used in the present  study, this spacing is approximated 
by 
phase](23);  whereas for  higher s t r e s s e s  the spacing would be closer  to d, the mean 
planar center-to-center particle spacing. 
a r e  Alloy A, X 2 1.5 p;  Alloy B, X =. 0.6 p; Alloy C, X 

X, the mean f ree  path [X = 4rv (1-f)/3f,  where f = volume fraction of the dispersed 

The values of X for  the experimental  alloys 
2. 8 p; Alloy D, X z 1. 3 p ;  

Alloy E, X =. 0. 8 p. 

Experimental measurements  of the dependence of the total dislocation density, p ~ ,  

If it assumed that the density of mobile edge dislocations is s imilar ly  influenced by 
on applied ( tensi le)  creep stress indicated that pT  = const. UP, where p =. 2 ( s e e  F igure  
19). 
str es  s , then 

2 
petn = P o  0 ,  

where po i s  a constant. Thus N is given by, 
~ 

P O O L  
N r -  . X 

32 



In Equation (8) the a r e a  swept out by a dislocation segment each t ime it climbs over 

A z d  . (12) 

a particle is approximated by 

2 

The climb rate ,  R ,  is taken to  be 

where k is Boltzman's constant and D is the volume self-diffusivity in the mat r ix  and is 
equal to Do exp (-QSd/RT). 
case  where there a r e  dislocation pile-ups behind particles. Kocks(25) has recently ex- 
amined the consequences of a random distribution of point-like obstacles on the move- 
ment of dislocations. Based on his statist ical  analysis, it is reasonable to  expect that 
limited pile-ups will occur by glide in  dispersion-hardened alloys such as those in this 
investigation. 

Equation (13) is essentially that derived by Ansell(2) fo r  the 

Substituting Equations ( l l ) ,  (12),  and 
creep  ra te  as 

€ =  
S 

13) into Equation (8) gives the steady-state 

e x p -  @) , 

where K = 2p0D0/k. 
Equation (14) should be divided by 16JZ. 

F o r  unresolved s t ress  and straiq-pate the right-hand side of 
At highe; stress 'es,  F in  Equation ( 9 )  is given by 

d ra ther  than 1, and then i s  0: d 2 /rv. 1 

In Equation (14) is a U4, whereas it was found that the experimental s t r e s s  exponent 
was m ", 7 ( see  Figure 15). 
noting that in Equation (14) the s t r e s s  is  really the effective s t r e s s  Ue = U - ai, whereas 
m 2 7  was determined f rom a log-log plot of temperature  compensated c reep  ra te  versus  
applied s t r e s s ,  
De < 0. 

proposed by Takahashi, e t  al. ,(17)*. 

This discrepancy can be rationalized, at leas t  in par t ,  by 

Thus the s t r e s s  exponent in Equation (14) should be l e s s  than 7 since 
The reduced exponent can be written in t e r m s  of m and (a - ai) in the manner 

An est imate  can be made of the internal s t r e s s  U i  fo r  the various alloys by applying Equa- 
tion (15) to  the data in  Figure 15, and the resul ts  of such calculations a r e  given in 
Table 6. 
applied c reep  s t r e s s .  
received s t ruc tures  ( see  F igures  3-7). 
lized" s t ruc tures  and have the lowest ai values, 
recrystal l ized and, in turn,  have the highest values of internal s t r e s s .  

The values of oi a r e  reasonable, and for  each alloy U i  is lower than the lowest 
The comparative values of U i  a lso agree qualitatively with the as- 

Alloys A and C have near ly  identical "recrystal-  
Alloys B and E a r e  considerably l e s s  

*The applied stresses, o1 and 02, used from Figure 15 were the highest and lowest experimental stresses for each alloy. 
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TABLE 6. VALUES OF THE INTERNAL STRESS, ai, 
CALCULATED FROM EQUATION ( 15) 
AND FIGURE 15 

Experimental Lowest Applied 
Alloy St ress  Exponent, m O., psi S t r e s s ,  ps i  

A 7.0 1300 2000 
B 6. 9 2900 4000 
C 6. 8 1100 2000 
D 7.1 1900 3000 
E 7. 0 2900 4000 

Equation ( 14) predicts that the particle parameters  influence the steady- state c reep  
rate  a s  6 
ra te  ratios of various alloys at constant s t r e s s  and temperature ,  provided the alloys 
have equivalent initial microstructures  (i. e. , equivalent values of ai). 
a r e  legitimate for:  Alloy A with Alloy C; Alloy B with Alloy E. 

= d3/X rv. Thus it is possible to  compare experimental  and calculated c reep  

Such comparisons 

is (Alloy C) (d3/Xr ) v c  

Z s  (Alloy E )  

The calculated creep rate  ratios for Equation (16a) and (16b) a r e  2.6 and 1. 5, respec-  
tively. 
f r o m  Figure 15; gS (Alloy C)/Zs (Alloy A)  = 2.4 at 2000 ps i  to  1.9 at 6000 ps i ;  and 
C s  (Alloy E)/Es (Alloy B) = 1. 2 over the s t r e s s  range 4-9,000 psi. 
gether with the internal s t r e s s  calculations, the s t ructural  studies,  and the observation 
that the experimental activation energy fo r  c reep  is equal to Qsd in  nickel, lends support 
to the dislocation climb model represented by Equation (14). 

These values a r e  i n  very good agreement with the experimental  ratios determined 

This agreement to- 

CONCLUSIONS 

It is concluded that the rate-controlling process  f o r  c reep  of the five experimental  
Ni-Tho2 alloys is the climb of edge dislocations Over Tho2  particles.  
sion of the Ansell- Weertman climb theory sat isfactor i ly  explains the experimental  c reep  
results.  
important to do so only for alloys with 5quivalent initial s t ruc tures ,  (i. e. , f o r  alloys 
which have approximately the same internal s t r e s s  levels).  

A modified ver- 

In comparing the effects of particle s ize  and spacing on the c reep  ra te ,  it i s  

- 
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, APPENDIX 

COMPARISON BETWEEN TRANSMISSION AND REPLICA ELECTRON MICROSCOPY 
AS TECHNIQUES FOR MEASURING PARTICLE- SIZE DISTRIBUTIONS 

I )  

Although replica electron microscopy (both extraction and direct  replication) has 
I been used by various investigators to measure particle s izes ,  t ransmission microscopy 

was prefer red  for this study on the five experimental Ni-Th02 alloys. This choice was 
made because not only can particle s ize  be measured by t ransmission microscopy, but 
dislocation s t ructures  can be studied simultaneously. 

However, on one alloy (Alloy B), a comparison was made between direct  replica- 
tion and t ransmission microscopy. 
Zeiss  Par t ic le  Size Analyzer f rom transmission and replica micrographs taken at the 
same magnification on the same electron microscope. 
specimens) were prepared by Mr. B. Buzek at NASA Lewis Research Center using the 
two- stage parlodian/carbon technique with P t / C  shadowing. 

In each case  about 800 par t ic les  were measured in a 

The replicas (on electropolished 

The particle size distributions for  both techniques a r e  shown in Figure A- 1. The 
t ransmission microscopy resul ts  a r e  the same as those shown in Figure 2. When mea- 
suring par t ic les  on replica micrographs,  extracted par t ic les  were not counted. 
assumed the planar particle diameter,  2rs,  was measured on the replicas,  and for  con- 
venience in  making comparisons the data in Figure A- 1 a r e  converted to t rue  particle 
diamater 2rv (i. e. , 2 r v  = 2rS/&2/3). It is noted that both the average particle diameter 
and the calculated mean planar center- to-center particle spacing, d, determined by 
replication, a r e  approximately twice the values determined f rom transmission micro- 
graphs. This discrepancy is more  graphically i l lustrated in Figure A- 2 which compares 
t ransmission and replica micrographs at the same magnification. 
a replica where some of the Tho2 particles have been extracted. 

It was 

Figure A- 2( b) shows 

The following factors  probably contribute to the discrepancy: 

(a)  In thinning foils for transmission microscopy, probably some of the 
l a rge r  par t ic les  (say with 2rv 2. 900 A) are lost  f rom the foil because 
of preferential  etching at the par t ic le /matr ix  interface. This loss is 
not very important when determining the averoage particle diameter 
since the number of par t ic les  with 2rv 2: 900 A is less than -1 per- 
cent of the total number of particles. 
l a rger  particle becomes somewhat more  important when calculating 
the particle spacing, d, f rom Equation (4). 
tion, f i ,  of par t ic les  in  a given s ize  range enters  the calculation, 
and it takes only a few large particles to give large values of f i .  

When measuring small particles on replica micrographs it is diffi- 
cult to decide whether the measured diameter is the planar diameter,  
2 r s ,  o r  the t rue diameter,  2rv. 
polishing and/or  etching procedures used for  specimen surface 
preparation can undercut the smaller  particles.  
diameters  of fine par t ic les  may be 2 r v  whereas those of the la rger  
par t ic les  may be 2 r s .  
obtained somewhere between 2 r v  (avg) and 2 r s  (avg). 

However, omission of the 

Here  the volume frac- 

( b )  

This a r i s e s  because the electro- 

Thus the measured 

When averaging the particle size,  a value is 
However, the 

A- 1 
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e r r o r s  involved here  cannot explain the discrepancy observed 
for  Alloy B. F o r  example, i f  it is assumed that all the particle 
diameters measured on the replica micrographs a r e  the t rue  
diameters ( 2rv) ,  then th: averageo diameter (Figure A- 1) would 
only decrease f r o m  485 A to 395 A, which is still considerably 
l a rge r  than the value of 2 r v  = 219 A measured by t ransmission 
micros  copy. 

( c )  I t  is felt that the chief reason for  the difference between d i rec t  
replica and transmission techniques a r i s e s  f rom the inherent 
inaccuracies of the replica method ip measuring the smal le r  
particles (those with 2 r v  -? 150-200 A). The lack of definition 
and resolution is i l lustrated in Figure A-2(b). Here very fine 
extracted ThoZ particles a r e  well defined on the replica back- 
ground. 
f inest  replicated par t ic les  because of the poor definition, and 
it is occasionally impossible to distinguish between particles and 
surface asperit ies o r  art ifacts.  
some of the finest par t ic les  ( 2 r v  ? 100 A) a r e  missed by the re-  
plication method. 
replicas a r e  made of alloys such a s  Alloy B, where -60 percent 
of the particles have diameters  < Z O O  A. 

However it is very difficult to accurately measure  the 

It is ais0 very possible that 

These problems lead to  large e r r o r s  when 

Thus it i s  concluded that direct  replication of dispersion- strengthened metals  can 
lead to sizable e r r o r s  in particie-size measurements  if a large percentage of the 

support to this conclusion. 
base alloy (1. 5-6 vol 70 ThO2, with average Tho2 particle diameters  of -200 A). Corn- 
parisons were made between direct  replication and two other techniques: (a )  extraction 
replica and (b)  total extraction by dissolution of the matrix.  Par t ic le-  s ize  distributions 
determined by the latter two methods gave near ly  identical results.  However the aver-  
age particle s ize  determined by direct  replication was about twice that given by either of 
the extraction methods. McCall and Boyd also concluded that direct  replication can lead 
to significant e r r o r s  in paFticle-size distributions if a large fraction of the par t ic les  have 
diameters  less  than -200 A. 

cles  have diameters ? 150-200 A. Recent work at Battelle by McCall and Boyd( 2*y;::;s 
They have examined fine ThoZ dispersions in a ctmplex Co- 
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